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Patients with advanced solid tumors refractory to and 
progressing after conventional therapies were treated 
with three different regimens of low-dose cyclophosph-
amide (CP) in combination with oncolytic adenovirus. 
CP was given with oral metronomic dosing (50 mg/day, 
N = 21), intravenously (single 1,000 mg dose, N = 7) or 
both (N = 7). Virus was injected intratumorally. Controls 
(N = 8) received virus without CP. Treatments were well 
tolerated and safe regardless of schedule. Antibody for-
mation and virus replication were not affected by CP. 
Metronomic CP (oral and oral + intravenous schedules) 
decreased regulatory T cells (Tregs) without compromis-
ing induction of antitumor or antiviral T-cell responses. 
Oncolytic adenovirus given together with metronomic 
CP increased cytotoxic T cells and induced Th1 type 
immunity on a systemic level in most patients. All CP 
regimens resulted in higher rates of disease control than 
virus only (all P < 0.0001) and the best progression-free 
(PFS) and overall survival (OS) was seen in the oral + 
intravenous group. One year PFS and OS were 53 and 
42% (P = 0.0016 and P < 0.02 versus virus only), respec-
tively, both which are unusually high for chemother-
apy refractory patients. We conclude that low-dose CP 
results in immunological effects appealing for oncolytic 
virotherapy. While these first-in-human data suggest 
good safety, intriguing efficacy and extended survival, 
the results should be confirmed in a randomized trial.
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14 June 2011. doi:10.1038/mt.2011.113

Introduction
New approaches are needed for treatment of metastatic solid 
tumors. One strategy is oncolytic viruses, which selectively replicate 

in and kill tumor cells.1–4 Adenoviruses are quite immunogenic,5 
which might be a key aspect for eliciting antitumor immunity 
as suggested by preclinical6 and clinical data.7 However, in spite 
of encouraging data showing that immunotherapy (including 
oncolytic viruses) has the ability to elicit antitumor immunity,8–10 
human data has demonstrated that breaking immune suppression 
acquired by tumors is also required11 for immunotherapy to give 
meaningful clinical benefits. One of the key suppressive compo-
nents present in advanced tumors is regulatory T cells (Tregs).10

Tregs were first identified by Gershon and colleagues in the early 
70s’ and dubbed “suppressive cells” for their ability to suppress the 
activity of T lymphocytes.12 Tregs represent 2–3% of the human T 
cells (about 10% of CD4+ cells) and promote peripheral immune 
tolerance by suppressing self-antigen-reactive T cells, hence pre-
venting autoimmune diseases, but since tumors emerge from nor-
mal tissues, Tregs are effective also in reducing antitumor immune 
responses.10 Although initially identified as CD4+ T cells express-
ing CD2513 and forkhead box P3 (Foxp3),14 recent studies have 
demonstrated that CD127 expression inversely correlates with 
Foxp3 and the suppressive function of human CD4+ Treg cells.15 
Hence, Tregs are now identified as CD4+CD25+CD127−Foxp3high.

Several decades after their first identification it became clear 
that Treg-mediated immunosuppression is one of the crucial tumor 
immune-evasion mechanisms and may be a key obstacle for suc-
cessful tumor immunotherapy.16 Recent data demonstrate that 
tumors actively prevent the induction of tumor-associated anti-
gen-specific immunity through induction of Treg trafficking, differ-
entiation, and expansion.10 In fact, an elevated frequency of Tregs in 
peripheral blood has been demonstrated in several tumor types, 
including nonsmall cell lung cancer,17 breast cancer,17,18 colorectal 
cancer,19 esophageal cancer,17 gastric cancer,17 hepatocellular carci-
noma,17,20 leukemia,17 lung cancer,21 lymphoma,21 and melanoma.22 
It is clear that modulation of Treg trafficking, signaling, and differ-
entiation is becoming of key importance for cancer therapy.
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Cyclophosphamide (CP) is an alkylating agent that medi-
ates DNA crosslinking and is used to treat various tumors. High 
doses are required for direct effects on tumor cells which results in 
immunosuppression. In striking contrast, low doses of CP improve 
antitumor immune responses in various animal tumor models,23 
in patients with metastatic melanoma24 and the approach is popu-
lar in cancer vaccine trials.25 A particularly attractive schedule is 
daily oral (metronomic) administration which is easy, safe, well-
tolerated and effective in downregulating both the activity and 
the number of Tregs as demonstrated in humans previously.26,27 
Another antitumor mechanism ascribed to metronomic CP is an 
antivascular effect.28

Despite these appealing characteristics, single agent metro-
nomic low-dose CP is usually not very effective in controlling 
advanced solid tumors. Only a few positive randomized trials have 
been reported, and therefore the approach is not very widely used 
in contemporary oncology.27–30 In this study, we hypothesized that 
it would be feasible to combine low-dose CP with oncolytic ade-
novirus treatment for potentially synergistic immunological and 
clinical effects.

Results
Low-dose CP enhances the efficacy of oncolytic 
adenovirus in a syngeneic model of pancreatic  
cancer in immunocompetent Syrian hamsters
We have shown previously that oncolytic adenoviruses armed with 
granulocyte macrophage colony-stimulating factor (GMCSF) can 
inhibit tumor growth in immunocompetent Syrian hamsters.7,31 
Unlike other rodent models, this model is semi-permissive for 
human adenovirus and sensitive to human GMCSF.7,31 It has also 
been shown that low-dose CP can32,33 give antitumor activity by 
reducing the number and activity of Tregs.

26,27 To test whether CP 
would enhance the efficacy of the oncolytic adenovirus treat-
ment, Syrian hamsters bearing a syngeneic pancreatic tumor were 
treated with low-dose CP in combination with Ad5-D24-GMCSF, 
which is an p16-Rb pathway selective adenovirus with an unmod-
ified Ad5 capsid expressing GMCSF driven by the adenoviral E3 
promoter.7

Interestingly, we found that the group of animals treated with 
the combination of virus and CP showed a significant reduction in 
tumor size compared with untreated animals or treated with Ad5-
D24-GMCSF only (Supplementary Figure S1a). To exclude that 
the observed phenomenon was restricted to this particular virus, 
we repeated the experiment with Ad5/3-D24-GMCSF, which is 
a similar p16-Rb selective virus with GMCSF but features a 5/3 
chimeric capsid which enhances transduction of human tumors.32,33 
Because it is difficult to estimate dose correlation between hamsters 
and humans, we changed also the CP dose slightly. Also in this 
experiment, we observed a significant reduction of tumor growth 
in animals treated with Ad5/3-D24-GMCSF with CP versus no 
treatment (Supplementary Figure S1b). Thus, we concluded that 
low-dose CP can enhance the potency of an oncolytic adenovirus 
coding for GMCSF.

Study design and treatment protocol
Patients with advanced metastatic tumors progressing after con-
ventional therapies (Table 1 and Supplementary Table S1) were 

treated with a single round of oncolytic adenovirus in combina-
tion with CP. Four cohorts of patients were treated as follows: 
(i) oncolytic adenovirus only; (ii) oncolytic adenovirus and metro-
nomic CP (50 mg/day) starting 1 week before virus; (iii) oncolytic 
adenovirus with a single intravenous 1,000 mg dose of CP given 
1 hour prior to virus as a 30-minute infusion; (iv) oncolytic ade-
novirus combined with both metronomic (50 mg/day) and intra-
venous (1,000 mg except 500 mg for U157) CP (Supplementary 
Figure S2). A single round of virus was injected intratumorally in 
ultrasound guidance as reported.7,34,35

Safety of low-dose CP given concurrently  
with oncolytic adenovirus
Treatments were well tolerated in all cohorts. Only two symptom-
atic grade 3 events, both of which occurred in the same patient, 
and no grade 4–5 events were reported. Most patients experienced 
grade 1–2 flu-like symptoms, including fever, chills, fatigue and 
injection site pain, without correlation to CP (Supplementary 
Table S2). Thus, patients experienced adverse events typical of 
oncolytic adenovirus treatment,7,32,34 and CP did not seem to affect 
the safety profile.

Low-dose CP reduces Tregs in cancer patients  
treated with oncolytic adenovirus
It has been previously described that metronomic administra-
tion of CP reduces the number of Tregs in cancer patients with-
out compromising other immune components.27,36 However, 
the effect on Tregs of CP in combination with oncolytic adeno-
virus has not been studied before in humans. Peripheral blood 
mononuclear cells were analyzed for percentage and absolute 

Table 1 S ummary of the patients at baseline

Ad only
Ad + CP  
per os Ad + CP i.v.

Ad + CP  
per os + i.v.

Sex (N patients) (N patients) (N patients) (N patients)

  Male 3 7 3 4

  Female 5 14 4 3

Age (years) (years) (years) (years)

  Median 63 59 62 60

  Range 48–77 38–71 37–71 9–73

WHO (0–5) (N patients) (N patients) (N patients) (N patients)

  0 1 2 1 1

  1 3 12 3 6

  2 3 3 3 0

  3 0 4 0 0

Previous treatment

  Surgery 0 0 1 2

  Chemotherapy  
  (N patients)

7 21 7 7

  Median chemo  
  regimens

4 3 6 4

  Radiotherapy  
  (N patients)

2 3 0 3

Abbreviations: Ad, adenovirus; CP, cyclophosphamide; i.v., intravenous; WHO, 
World Health Organization.
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number of Tregs before and 1 month after treatment (Figure  1 
and Supplementary Figures S3–S5). We observed a signifi-
cant reduction in Tregs in patients treated with oral metronomic 
low-dose CP together with the virus (Figure 1a,b). The second 
cohort of patients, treated with a single intravenous injection of 
CP 1 hour before virus administration, showed a nonsignificant 
trend for a decrease in Tregs (Figure  1a,b). In patients treated 
with the combination of metronomic oral and intravenous CP, 
the number and the percentage of circulating Tregs was signifi-
cantly lower than before the treatment (Figure 1a,b). The con-
clusion of these analyses was that metronomic administration of 
low-dose CP in combination with oncolytic adenovirus reduces 
the number of circulating Tregs and in particular the regimens 
that included the metronomic component seemed effective in 
this regard.

CP administration did not influence virus  
replication or the development of anti-adenovirus 
neutralizing antibodies
It has been proposed that persistence, re-emergence and titer 
increases after day 1 indicate replication of oncolytic adenovi-
ruses.1–4,7,35 Given that CP treatment might influence this through 
immunological or direct mechanisms, we analyzed the presence of 
the virus in serum after treatment. No differences between groups 
were detected and signs of emphatic virus replication were seen 
regardless of CP (Figure 2a).

High-dose CP is known to be immunosuppressive and can 
thwart the development of neutralizing antibodies.37 However, 
as expected for low-dose CP, antibodies were rapidly induced in 
most patients without differences between cohorts (Figure 2b).

Administration of CP in combination with  
oncolytic adenovirus did not impair antitumor  
and anti-adenovirus T-cell responses
We and others have demonstrated previously that oncolytic ade-
noviruses can induce an adenovirus-specific as well as a tumor-
specific T-cell–mediated immune response, both of which might 
be relevant for the antitumor effect.6,7,32 To elucidate the effect of 
CP on this phenomenon, peripheral blood mononuclear cells 
were harvested and analyzed by ELISPOT. Interestingly, we did 
not observe any significant differences attributable to CP in any 
cohorts (Figure 3). One-way analysis of variance was performed 
to compare the groups, with regard to anti-adenovirus immunity 
but no differences were seen. The same was observed for antitumor 
reactive T cells, although oral CP showed a trend for increased 
antitumor response (P = 0.051). As surrogate of tumor-associated 
antigen survivin was chosen given its high expression in nearly all 
the known tumors.38 These results are well in line with previous 
data27 suggesting that despite reducing Tregs, low-dose CP does not 
affect the antitumor capacity of cytotoxic CD8+ T cells.

To clarify this further we performed a more detailed analysis 
of lymphocyte subsets potentially relevant for cancer immuno-
therapy, including CD3+ T cells and their subpopulations: CD4+ 
helper (Th) and CD8+ effector T cells (Figure 4). Patients treated 
with CP and virus showed a slight reduction in the CD4+ popula-
tion (which includes Tregs) while an increase in CD8+ was observed 
(Figure 4b). In patients treated with virus only (Figure 4a), CD4+ 
cells did not change while CD8+ cells (including antiviral and 
antitumor cells) increased slightly as shown previously.7 However, 
the increase in CD8+ was significant only in the patients treated 
with metronomic CP.
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Figure 1 L ow-dose cyclophosphamide in combination with oncolytic adenoviruses significantly reduces circulating regulatory T cells (Tregs) 
in cancer patients. Patients treated with one of three different cyclophosphamide (CP) regimes were monitored for the frequencies of circulat-
ing Treg. Peripheral blood mononuclear cells from patients were collected before and after the treatment and stained for CD4, CD127 and Foxp3. 
(a) percentage of Treg in the total CD4+. (b) Total number of Tregs. The values for each patient can be found in Supplementary Figures S3–S5. 
i.v., intravenous.
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In addition to flowcytometry analysis, cytokine profile was 
analyzed before and after the treatment and it showed a trend of 
increase of interferon-γ, tumor necrosis factor-α and interleu-
kin-2 (IL-2) suggesting an ongoing Th1 type immune response 
(Figure 4c).

Treatment efficacy
When both radiological data and tumor markers are taken into 
account, 64% of efficacy evaluations suggested possible clinical 
benefits (Supplementary Table S1). This number includes all SD 
or better and may therefore suggest successful disease control, since 
all patients had progressing tumors before treatment. In the con-
trol patients treated with virus only, 22% of evaluations resulted in 
SD or better (Figure 5a). In the oral CP group, disease control was 
seen in 61% of the patients (Fisher’s exact test, P < 0.0001 versus 
virus only), while the numbers were 55% (P < 0.0001 versus virus 

only) and 77% (P < 0.0001 versus virus only) in the intravenous 
and oral + intravenous cohorts, respectively.

Median progression-free survival (PFS) times (Figure  5b) 
were 63, 63, 91, and 376 days for virus only, oral CP, intravenous 
CP and oral + intravenous CP group, respectively. 53% of patients 
in the latter group were progression free at 1 year (P = 0.0016 ver-
sus virus only).

With regard to overall survival (OS) (Figure 5c), median times 
were 120, 114, 195, and 376 for virus only, oral CP, intravenous CP, 
and oral + intravenous CP group, respectively and 42% of patients 
were alive at 1 year in the combination group (P < 0.02 versus 
virus only).

Discussion
Tolerance to self-antigens is a crucial aspect of animal biology and 
its malfunction can lead to autoimmune conditions. With regard 
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Figure 2 C yclophosphamide (CP) administration did not influence the presence of the virus in circulation nor the neutralizing antibody 
response. Serum from patients treated with oncolytic adenovirus in combination with one of the three different regimens of CP was collected and 
analyzed for (a) presence of the virus, and (b) neutralizing antibodies for adenovirus. i.v., intravenous.
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to peripheral tolerance (i.e., lymphocytes that have exited pri-
mary lymphoid organs) the main regulatory cells are Tregs. Most 
tumors express a plethora of mutated self-antigens or unnaturally 
expressed normal antigens, which should result in recognition by 

the immune system. Nevertheless, the tumors are present and must 
therefore have developed mechanisms for dampening immunity. 
It is now recognized that Tregs are one of the most important sup-
pressor cells tumors utilize for self-preservation.9,10,39
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Figure 3  Administration of low-dose cyclophosphamide (CP) in combination with oncolytic adenoviruses did not impair antitumor and anti-
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Most cancer immunotherapy studies have thus far been 
designed to increase antitumor immunity through supplement-
ing active elements such as dendritic cells, tumor-associated 
antigen-specific T cells or cytokines. However, although antitu-
mor immune response has often been demonstrated, it has only 
seldom translated into clinical benefit because of the strong 
immunosuppressive mechanisms exhibited by tumors. One way 
to tackle this problem is to modulate the immunosuppressive 

mechanisms at the tumor site. The clinical potential of this was 
powerfully demonstrated by the landmark randomized phase 3 
trial with ipilimumab, which downregulates immunosuppressive 
CTLA4 circuits.11

In our study, we used three different regimens of CP to selec-
tively reduce Tregs in cancer patients with refractory solid tumors 
resistant to conventional therapies and being treated with onco-
lytic adenoviruses. We found that both regimens that included a 
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prolonged exposure to CP promoted Tregs reduction. In most patient 
treated with the intravenous bolus CP, Tregs were also reduced, but 
the overall result was not statistically significant. This is in line 
with the hypothesis that this schedule exerts its effect chiefly at the 
tumor microenvironment.40,41 As Tregs were downregulated in 89% 
of all patients treated with CP (Supplementary Figures S3–S5), 
the approach may be applicable across different tumor and patient 
types. This is not completely surprising since the effect of the drug 
is on nonmalignant cells (Tregs), in which there may be less varia-
tion between individuals than in tumor cells.

Our data are well in accordance with what was previously 
shown by Ghiringhelli and colleagues.27 Although it is risky 

comparing two studies different in a variety of ways, the reduction 
in Tregs seemed even more prominent in their work. One reason 
could be differences in CP schedule. They used 100 mg/day for 2 
weeks and then 2 weeks off, while we used a continuous sched-
ule or a combination of a “loading dose” followed by continuous 
dosing.

Another aspect that might influence the degree of Treg down-
regulation by CP includes the effects that adenovirus might have 
on Tregs. However, antagonistic effects seem unlikely given that 
binding of toll-like receptor 9 (one of the main ways adenovirus 
is recognized by the immune system) has been reported to reduce 
immune suppressive signals.42 Instead, a more likely explanation 
for adenovirus diluting the effect of CP on Foxp3+ cells is that 
the immune activation caused by the virus increases the expres-
sion of Foxp3 in non-Treg cells. This does not indicate induction of 
Tregs by adenovirus. Instead, Foxp3 induction is part of the normal 
differentiation of T cells, including CD8+ cytotoxic T cells.25,43 If 
this is true, the CP-mediated reduction in Foxp3+ cells, despite 
the opposite effect of adenovirus, becomes an even more powerful 
indicator of CP-mediated downregulation of Tregs.

Evolution of lymphocyte subpopulations during treatment 
was analyzed and we observed a nonsignificant decrease in the 
frequency of overall CD4+ cells. Since this population includes 
Tregs, which were significantly decreased, the data suggests that 
CD4+ helper cells, potentially important for antitumor immune 
responses, were not affected, and this is in accordance with previ-
ous reports.17,27 Importantly, we saw a significant increase in CD8+ 
cells, which includes cytotoxic antitumor T cells (Figure  4a,b). 
Also, serum cytokine profiles suggested a Th1 immune response 
in most patients although clearer data might be obtainable at the 
tumor level (Figure 4c).

When we performed ELISPOT and T-cell analysis to assess 
the functionality of T cells, we did not observe differences the way 
T cells harvested from the patients responded to adenovirus- and 
tumor-specific stimuli, which is in accord to previous reports.27,36 
As an example of a tumor-associated antigen, we chose survivin 
which is expressed on nearly all malignancies.38 However, since 
survivin is not a very immunogenic protein, even stronger reac-
tivity could probably be observed against other antigens. The main 
result in our study was that induction of effector T cells was not 
compromised by CP.

In 1987 Berd and colleagues showed a significant reduction 
in “suppressive activity” following a single intravenous 300 mg/
m2 CP administration, while no change in CD4+ and CD8+ 
cells was observed. Interestingly, a similar study was performed 
by Audia and colleagues 20 years later with three different regi-
men of CP (250, 500, and 750 mg/m2 intravenously), but this time 
T-cell numbers (instead of activity) were studied and no effect on 
Tregs was found.17 These results were in accord with our intrave-
nous CP cohort who received 1,000 mg (circa 600 mg/m2), and no 
significant decrease of Tregs was seen. Taken together, these data 
suggest that CP in any form can reduce the activity of Tregs, while 
metronomic CP can in addition reduce the number and propor-
tion of Tregs, and may thus be more potent that intravenous CP. 
Importantly, all available reports suggest that this can be achieved 
without affecting potentially useful CD8+ cells. Finally, it is criti-
cal to note that these conclusions are based on human data.
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Figure 5  High rates of disease control and extended survival in 
patients treated with low-dose cyclophosphamide (CP) and onco-
lytic adenovirus. (a) Possible indicators of treatment benefits (complete 
response, partial response, minor response, stable disease in imaging or 
tumor markers) were evaluated in patients treated with oncolytic adeno-
virus with or without concomitant administration of CP and reported as 
percentage within that cohort. ***Two-sided Fisher’s exact P < 0.0001 
(b) progression-free survival; (c) overall survival of the patients. i.v, intra-
venous; p.o., per os; V, virus.
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Previous animal studies suggest that intravenous high-dose 
CP can reduce formation of neutralizing antibodies. We used 
low-dose CP and thus it is logical that no effect was seen given 
the strong immunogenicity of adenovirus. Low-dose CP has been 
proposed to induce Th2 to Th1 switch and our cytokine data 
seemed to support this hypothesis.40,41 However, since adenovirus 
alone has a potent effect in the same direction, there were no sig-
nificant differences between groups.

Interestingly, our findings provide preliminary evidence that 
CP treatment might enhance the efficacy of oncolytic adenovi-
ruses (Figure 5). Higher clinical benefit rates were seen in all CP 
groups in comparison to the virus-only control group. Also, better 
PFS and OS was seen, in particular with the oral + intravenous 
schedule. Moreover, median OS in all cohorts seems to compare 
well with the 30–115 days reported for palliative care patients with 
advanced and chemotherapy refractory disease.39,44 It is crucial to 
keep in mind that larger patient cohorts and randomization would 
be required to reliably assess treatment benefits which were not a 
main endpoint in this study. This first-in-man report suggest that 
such studies may be feasible from a safety perspective and provide 
initial suggestions of potentially useful schedules for further test-
ing in clinical trials.

In summary, metronomic schedules of CP reduce Tregs in can-
cer patients treated with oncolytic adenoviruses without compro-
mising cytotoxic T-cell responses. Further studies should explore 
the relevance of these findings at the tumor, where the actions of 
both cell types is most critical. Repeated biopsies would therefore 
be important. Also, the promising efficacy seen in some groups 
would be an appealing subject for a randomized trial. In the mean-
while, a phase 1–2 study is ongoing with the aim of more in-depth 
characterization of the immunological findings reported here.

Materials and Methods
Adenoviruses. Safety of the oncolytic adenoviruses utilized in this work 
has been previously reported: Ad5-D24-GMCSF,7 ICOVIR-7,34 Ad5/3-
D24-GMCSF,32 and Ad5-RGD-D24-GMCSF.45

Cell lines. Hamster pancreatic carcinoma derived cell line HaP-T1 was 
kindly provided by Dr Hernandez-Alcoceba (Pamplona, Spain).

Animals. All animal protocols were reviewed and approved by the 
Experimental Animal Committee of the University of Helsinki and the 
Provincial Government of Southern Finland. Syrian hamsters (Mesocricetus 
auratus) were obtained from Taconic (Ejby, Denmark) at 4–5 weeks of age 
and quarantined for at least 1 week prior to the study. HaP-T1 cells were 
implanted subcutaneously on day zero and tumor growth was followed 
every 2 days. The experiment was terminated when tumor size reached 
the limit predefined by animal regulations. Since intravenous injection 
(hamsters lack a tail vein) and controlled dose oral administration to ham-
sters are challenging, CP was administered intraperitoneally at the dose 
of 30 mg and 50 mg per animal. Viruses were administered intratumorally 
at the dose of 1 × 108 viral particle/tumor. In the experiments described 
in Supplementary Figure S1, groups consist of four animal bearing four 
tumors each.

Patients. Patients with advanced metastatic tumors progressing after con-
ventional therapies (Table 1 and Supplementary Table S1) were treated 
with a single round of oncolytic adenovirus in combination with CP. 
Controls received virus only. Inclusion criteria were refractory solid tumor, 
World Health Organization performance score 3 or less, no major organ 
function deficiencies, and written informed consent. Exclusion criteria 

were known brain metastases or glioma, organ transplant, HIV, severe car-
diovascular, metabolic or pulmonary disease, platelets <75 × 106/ml, aspar-
tate aminotransferase or alanine aminotransferase >3 × normal, elevated 
bilirubin. Patients were treated within a Finnish Medicines Agency FIMEA 
regulated Advanced Therapy Access Program (ISRCTN10141600) accord-
ing to Good Clinical Practice and the Declaration of Helsinki. Virus was 
produced by Oncos Therapeutics, Helsinki, Finland.

Treatment protocol. The main endpoints of this controlled, nonran-
domized, retrospective study were safety and immunological response 
in patients receiving oncolytic adenovirus and CP. Secondary endpoints 
included virological parameters, efficacy and survival. Four cohorts of 
patients were identified: (i) oncolytic adenovirus only; (ii) oncolytic ade-
novirus and metronomic CP (50 mg/day) starting 1 week before virus; 
(iii) oncolytic adenovirus with a single intravenous 1,000 mg dose of CP 
given 1 hour prior to virus as a 30-minute infusion; (iv) oncolytic ade-
novirus combined with both metronomic (50 mg/day) and intravenous 
(1,000 mg except 500 mg for U157) CP (Supplementary Figure S2). A 
single round of virus was injected intratumorally in ultrasound guidance 
as reported.7,34,35 Patients were followed ad infinitum and adverse events 
occurring within 1 month of treatment were recorded according to CTCEA 
3.0 (Supplementary Table S2).

Evaluation of efficacy. Tumor size was assessed by contrast-enhanced 
computer tomography scanning. After treatment imaging was done at circa 
2 months. Response Evaluation Criteria in Solid Tumors (RECIST1.1) cri-
teria were applied to overall disease, including injected and noninjected 
lesions. Partial response indicates more than 30% decrease, while progres-
sive disease is more than 20% increase in sum of tumor diameters, and 
stable disease indicates neither response nor progression. In addition to 
standard RECIST1.1 criteria, minor response was used to indicate 10–29% 
reduction. Tumor markers, when elevated, were measured from blood and 
scored with the same percentages.

Quantitation of virus and antibodies. The number of the viral particles in 
serum was analyzed by Quantitative Real-Time PCR LightCycler (Roche, 
Mannheim, Germany) as described.7,34,35,46 Neutralizing antibody titer was 
assessed as described.47

T-cell studies. Interferon-γ ELISPOT analysis was performed as 
described.7,32 Briefly, peripheral blood mononuclear cells were isolated 
by Percoll gradient according to standard protocols. Cells were immedi-
ately frozen in CTL-CryoABC serum-free media (Cellular Technology, 
Cleveland, OH) for further ELISPOT and flow cytometry analysis. 
ELISPOT was performed according to MABtech manufacturer instruc-
tions (h-IFNγ ELISPOT PRO 10 plate kit, code 3420-2APT-10). 200,000 
living cells were counted and plated in each well. For adenovirus ELISPOT, 
cells were stimulated with the HAdV-5 Penton peptide pool (Proimmune, 
Oxford, UK), which consists of 140 peptides, each 15 amino acids long and 
overlapping by 11 amino acids.

Survivin was chosen to represent a classic pan-carcinoma antigen, as 
most tumors have been reported Survivin positive,38 and we did not have 
access to pretreatment tumor samples for determination of the optimal 
antigen for each patient. BIRC5 PONAB peptide pool (Proimmune) was 
used. It consists of a pool consists of 33 peptides, each 15 amino acids long 
and overlapping by 11 amino acids. The plates were read with an AID-
ELISPOT reader machine (BioReader 3000; Bio-Sys, Karben, Germany). The 
results were calculated as spot forming counts as a mean of a triplicate count 
from the specific antigen stimulation minus the negative control. The ratio 
of before and after treatment values were calculated for each individual.

Flow cytometry analysis was performed on FacsCalibur (Becton 
Dickinson, Palo Alto, CA) with human CD4 PE-Cy5-labeled (eBioscience, 
San Diego, CA), human CD127 FITC-labeled (eBioscience) and 
intracellular Foxp3 PE-labeled (eBioscience) antibodies. Tregs cells were 
defined as CD4 positive, CD127 negative and Foxp3 high.15
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Cytokine analysis. Human interferon-γ, IL-2, tumor necrosis factor-α, 
IL-4, IL-5, IL-10 were assayed using the BD cytokine multiplex bead array 
system (BD Biosciences, Palo Alto, CA), and analyzed using BD FacsArray 
(BD Biosciences) according to the manufacturer’s instructions. Th1/Th2 
ratio was calculated as follows: the sum of the fold increase over baseline 
was calculated for each Th1 (interferon-γ, IL-2, tumor necrosis factor-α)
and Th2 (IL-4, IL-5, IL-10) cytokine and the ratio of these sums was 
plotted.

Statistical analysis. Statistical tests were performed with SPSS 15.0 
(SPSS, Chicago, IL) and GraphPad Prism version 5.00 for Mac (GraphPad 
Software, La Jolla, CA).

SUPPLEMENTARY MATERIAL
Figure  S1.  Metronomic administration of low-dose cyclophosph-
amide enhances oncolytic adenovirus efficacy in immunocompetent 
syngeneic Syrian hamsters.
Figure  S2.  Schematic representation of the treatment schedule.
Figure  S3.  PBMCs from patients treated with oncolytic adenovirus in 
combination with low-dose CP per os were collected before and after 
the treatment and stained for CD4, CD127 and Foxp3.
Figure  S4.  PBMCs from patients treated with oncolytic adenovirus in 
combination with intravenous CP were collected before and after the 
treatment and stained for CD4, CD127 and Foxp3.
Figure  S5.  PBMCs from patients treated with the combination of 
oncolytic adenovirus, intravenous CP and low-dose per os CP were 
collected before and after the treatment and stained for CD4, CD127 
and Foxp3.
Table  S1.  Tumor type treated and summary of responses to 
treatment.
Table  S2.  Summary of adverse effects.
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